A B S T R A C T Radionuclide and contrast ventriculography were evaluated for their ability to estimate myocardial ischemia. In 14 closed-chest, sedated dogs, a small and larger region of ischemia were produced by inflating balloon occluders on the left anterior descending coronary artery. The systemic arterial pressure, atrial-paced heart rate, global ejection fraction by radionuclide and contrast ventriculography, regional wallmotion abnormalities (as the percentage of abnormally contracting segments), and regional myocardial blood flow (using the microsphere technique) were measured during an initial control period, two separate ischemic periods, and a final control period. The regional ischemic weights based on myocardial blood flow ranged from 0 to 38.5 g and were grouped as zero, small (range 0 to <10 g, mean 3.40 g), and large regions of ischemia (>10 g, mean 24.8 g). Regional wall-motion abnormalities were sensitive qualitative indicators of ischemia. Receiver operating characteristic analysis showed that both ventriculographic methods were highly sensitive, specific, and accurate for detecting regional ischemia. Contrast 
detecting small regions <4 g, but the methods were equal for regions >4 g.
The arterial pressure and heart rate were unchanged during ischemia. For small regions of ischemia, the global ejection fraction did not fall using either the contrast or radionuclide technique, but it fell significantly when large regions were produced. There was a quantitative relationship between the percentage ofabnormally contracting segments and the grams of myocardial ischemia (for radionuclide ventriculography, r = 0.65, P = 0.003, and for contrast ventriculography, r = 0.75, P< 0.001), but for many small regions of ischemia, wall-motion changes were greater than anticipated, suggesting hypofunction of the continguous normal tissue. This study demonstrated that both radionuclide and contrast ventriculography were quite sensitive and specific for detecting measured amounts of regional ischemia. The functional changes resulting from ischemia are quantitatively related to the extent of regional ischemia, small areas resulting in regional wall motion abnormalities, and large areas producing both reduced global ejection fraction and wall motion changes. INTRODUCTION Both contrast and radionuclide ventriculography have been used to detect left ventricular dysfunction due to coronary atherosclerosis ; however, the ability of either method to detect and quantitate known degrees of ischemia has not been studied adequately. To examine this question, we evaluated a canine model of induced, transient, anterior-wall myocardial ischemia, and calculated the mass of ischemic myocardium by means of changes in myocardial blood flow. We compared the results of the radionuclide method with contrast ventriculographic findings.
METHODS
Experimetital preparation. At thoracotomv, two inflatable balloon occluders were placed around the left anterior descending coronary artery. The first was placed just beyond the first septal perforating branch, and the second was placed around the junction of the proximal and distal halves of the vessel (Fig. 1 ). They were exteriorized to a subcutaneous location, along with two right atrial pacing wires (Flexon, American Cyanamid Co., Pearl River, N. Y.) and a left atrial cannula for injecting radioactive microspheres and radiographic contrast.
Study protocol. Approxiimiately 7 d after surgery, the dogs underwent a study protocol consisting of a control period, a period of ischemia during a distal occlusion (small region of ischemia), a period of proximal occlusion (large region of ischemia), and a second control period prior to sacrifice of the dog. The dogs were sedated with morphine sulfate and diazepam and secured on a radiolucent sponge on a catheterization table in the 300 right anterior oblique (RAO)' position. Polyethylene cannulas were secured in the f'emoral artery and vein, and a constant heart rate was achieved via atrial pacing at a rate 10-20 beats/min greater than the spontaneous sinus mechanism. Small doses of atropine sulfate were given intravenously if atrioventricular nodal block occurred. An electrocardiographic rhythm strip, systemic arterial pressure, orthogonal 30°RAO and 600 left anterior oblique (LAO) radionuclide ventriculograms (RVG), similar biplane contrast ventricUlograms (CVG), and myocardial blood flow measuremiieints by the microsphere technique (24) were obtained during the four experimental periods. Each occlusion was produced by inflating an occluder with air and was relieved by deflating. During occlusion, 3 min was allowed for stabilization of the ischemic state, 5 min for each of two RVG and 5 min f'or obtaining the CVG prior to release of the occlusion. At least 20 min was allowed between occlusions and prior to the final control measurements.
The study was performed in two stages. An initial group of five dogs was studied with RVG during control and ischemic periods, then moved to the catheterization laboratory for CVG using the same occluder to produce a second period of ischemia (serial studies). A later group of nine dogs was studied in the catheterization laboratory with RVG followed immediately by CVG during the same coronary occlusion, according to the protocol listed above (paired studies).
RVG were collected after in vivo erythrocyte labeling (25) post-PVC beat in the RAO and LAO views. The global ejection fraction (EF) was calculated using single-plane and biplane data by the area-length method (15) .
Wall-motion defects, with or without an abnormal EF, were used for the qualitative diagnosis of ischemia. For quantitation of the wall motion abnormalities, ED and ES frames were traced, and the length of abnormally contracting segments (ACS) was calculated as a percentage of the ED outline (percent ACS) by a modification of the method of Feild et al. (18) , as shown in Fig. 2 . For this, an experienced observer marked the length of the ACS on the ED perimeter. The mitral and aortic valve planes were excluded from the measured perimeter. Areas of localized hypokinesis (asyneresis), akinesis, and dyskinesis were considered to represent ACS. Their diagnosis was based on established criteria (17) . It was believed justified to group the abnormalities for analytical purposes because (a) each defect was likely to be ischemic by the design of the study, (b) comparison to the best-contracting ventricle in each set of studies helped identify new ACS, and (c) these wallmotion grades overlap frequently when RVG are compared with CVG (4, 5, 7). Fig. 2 demonstrates the percent ACS measurements during the initial control period and during two coronary occlusions in sequential studies in an animal with all three types of ischemic wall-motion abnormalities. There is a strong visual comparability between RVG and CVG. However, in this example, the RVG underestimated the grade of wallmotion abnormality, but not its extent. Thus, it was useful to calculate the percent ACS as a measure of the extent of abnormal wall motion.
RVG analysis. The global EF was calculated using a nongeometric radioactive count-based method. For this, a semiautomatic border detection algorithm and a variable region of interest technique (27) were employed. Because there is little right-left ventricular overlap in the supine dog, the EF was calculated from both RAO and LAO images. For visual analysis and measurement of the percent ACS, the four RAO or LAO RVG of each dog (two controls, two periods of ischemia) were displayed on a video screen as moving, closed-loop "playback buffers" with no identifying information. The percent ACS was calculated as for the contrast studies by tracing the left ventricular perimeter, excluding basal areas overlapped by other vascular structures (Fig. 2) .
Receiver operating characteristic (ROC) analysis was used to determine sensitivity, specificity, and accuracy for detecting ischemic dysfunction on RVG and CVG according to the description of Metz (28) . Such ROC curves compare diagnostic sensitivity to the false-positive fraction. For this, two independent observers employed a subjective visual grading scale of 1-4, where 1 = definitely not ischemic, 2 = probably not ischemic, 2.5 = equivocal, 3 = probably ischemic, and 4 = definitely ischemic. To produce ROC curves, the visual threshold for diagnosis of ischemia on ventriculography was varied from 1 (loose) to 4 (strict), and two threshold levels of myocardial ischemia were tested: >0.001 g and >4.0 g. The final control ventriculograms were excluded.
Data were entered into a computer data base management system (CLINFO, Division of Research Resources, National Institutes of Health, Bethesda, Md.) and were expressed as the mean and standard deviation. Analytic methods included formulas for sensitivity and specificity (28) , linear regression analysis, and paired and unpaired t tests (29) , adjusted for multiple comparisons (30 Global left ventricular EF. There were 53 LAO RVG, 40 RAO RVG, and 41 biplane CVG. The number of studies was unequal due to the initial group of serial studies. For the paired data, the contrast RAO EF ranged from 0.32 to 0.81. There was no significant difference between the RAO and biplane data. Thus, only the RAO CVG results are presented. The correlation coefficient (r) for EF between paired CVG and RVG was 0.61 in the RAO position (n = 34, P < 0.001) (Fig. 6 The correlation between RVG and CVG was also examined for each of the nine dogs with paired studies. The results are displayed in Table I , ranked by the difference (range) between maximum and minimum contrast EF for each dog. The ranges varied from a maximum of 0.43 to a minimum of 0.06. There were high r values in five of six dogs whose range of EF values was >0.13, and there were low r values for dogs with a smaller range of EF. Animal weight and LV weight showed no relationship to the EF correlation.
Changes in the RAO global EF and the percent ACS were compared with the extent of ischemia on both CVG and RVG for the entire series (Fig. 7) . For the EF, there were no significant changes for regions of ischemia of 0 g or 0 to <10 g, but the EF dropped signifi- normal. These averaged 5.1% on CVG and 7.2% on RVG. This type of wall motion is normal in the dog, since it was seen in two ofthree CVG performed on normal dogs with no prior surgery.
The percent ACS was evaluated as a quantitative measurement for diagnosing ischemia using ROC analysis of the paired studies. Fig. 5 (bottom) demonstrates that this measurement had a high degree of sensitivity and a low FPF on both RVG and CVG. When any control defects were subtracted (Fig. 5D) , the change in percent ACS was 80% sensitive for ischemia without false positives, and the RVG and CVG curves were superimposable.
Several ventriculograms demonstrated considerable contractile abnormalities in spite of small amounts of measured flow reduction, as seen in Fig. 3 . During that occlusion, the percent ACS was 18.5% on CVG and 34.6% on RVG, in spite of only 2 g of tissue hypoperfused.
Quantitative relationships between ischemic tissue weight, left ventricular dysfunction, and wall-motion abnormalities. The RAO and LAO radionuclide studies were compared with RAO CVG for quantitation of ischemia using linear regression analysis. Fig. 8 demonstrates the relationship between (a) the change in EF and grams of myocardial ischemia (GMI) (b) the percent change in EF and GMI as a percent of left ventricular weight; (c) the percent ACS and GMI. The number of observations was unequal due to the initial serial studies.
All three CVG measurements had higher r values than the RVG measurements. The RVG correlation coefficients were strengthened (middle row) by adjusting for the change in E F as a percentage ofthe control value and for the GMI as a percentage of left ventricular weight. Changes in RVG EF were related better to the GMI in the LAO than in the RAO view. The RVG percent ACS related better to the GMI in the RAO view (r = 0.65) than in the LAO view. Since the anterior wall was seen best in the RAO projection, this was predictable. For CVG, this correlation coefficient was 0.75.
Residual contractile abnormalities and ischemia. In the second control period, only 16 of 1,310 tissue sections met the criteria for GMI (1.2%). These few sections produced an average GMI of 1.2±1.8 g. Although there were occasional persistent wall-motion defects despite nearly complete return of normal regional MBF, there was no consistent or significant change in EF or percent ACS compared with the first control period.
DISCUSSION
Numerous and varied clinical studies have utilized RVG to detect and estimate the severity of myocardial ischemia (1-14) with methods and concepts derived from study of CVG (15) (16) (17) (18) (19) (20) (21) (22) (23) . However, the sensitivity, specificity, and accuracy of ventriculography for quantitating known amounts of left ventricular ischemia have not been carefully studied. To clarify these questions, we examined serial changes in regional MBF to estimate myocardial ischemia, and compared the weight of poorly perfused myocardium with changes in global and regional left ventricular function in the sedated dog. Contrast ventriculography was used as the standard for comparison. The results confirm that both RVG and CVG are sensitive to ischemia and reflect quantitatively the amount of ischemic myocardium.
Qualitative changes. Anterior descending coronary artery occlusions were chosen to provide an optimal location for detection. The occlusions produced anterolateral regions of hypokinesis, akinesis, or dyskinesis, which were easily seen on both RVG and CVG. These ischemic abnormalities were consistent with the systolic segmental dysfunction recorded during coronary occlusion in dogs using mercury-in-Silastic strain gauges (31), ultrasonic transducers (32) (33) (34) , and frameby-frame analysis of CVG (35) .
ROC analysis (29) was used to evaluate and compare the RVG and CVG for their sensitivity and specificity in detecting left ventricular ischemia using visual analysis and measurement of the percent ACS. The ROC curves compared the true-positive fraction (sensitivity) and the FPF (1 -true-negative fraction), the latter equivalent to 1 -"specificity". The CVG curve was marginally superior to the RVG (by 1 to .2 SD) when all amounts of ischemia were considered as "diseasepositive" (Fig. 5A) . The CVG advantage was probably due to better resolution than the RVG. However, when the arbitrary criterion of4 g of ischemia (4% of left ventricular weight) was chosen as the threshold for positivity, the curves were nearly identical (Fig. SB) . When the percent ACS was used for diagnosing ischemia, the ROC curves were nearly equivalent (Fig. 5C ), and were actually superimposable when the control wall-motion defects were taken into account (Fig. 5D) . Further mathematical study of these curves requires a larger number of cases for valid comparisons.
In this study, sensitivity and specificity were determined in a carefully controlled experimental environment. Although, the results should not be generalized to clinical situations where other disease processes may coexist, the concept is applicable, such as in patients with known, localized coronary atherosclerotic lesions.
Quantitative factors. Accurate estimates of ischemia and the EF were required in this study. Since there was no visible evidence ofmyocardial damage after the transient occlusions, MBF criteria were used to define "ischemia." Meaningful criteria should account for the large normal variability in MBF (26, (36) (37) (38) and should define the degree of flow reduction necessary for physiologic evidence of ischemia or histopathologic change (26, (38) (39) (40) . Our criteria were based on the presence of flow reduction sufficient to cause ischemia in a prior study of dogs with permanent coronary occlusion (26) .
In that study, the MBF criteria accurately defined the sections with confluent necrosis 48-72 h after occlusion. However, sections with "patchy" necrosis were not well-defined, because they had only small flow reductions (81% of normal), which were within the normal range. Marcus et al. (40) (27) , the correlation coefficient with contrast ventriculography decreases from 0.93 (n = 18) to 0.67 (n = 13, P < 0.001), a value similar to the results in this study. Okada et al. (42) reported similar results in man.
When individual dogs were ranked by their range of EF values, the RVG-CVG correlations were best when the range ofvalues was wide. Swain et al. (43) also found a close relationship between the radionuclide and ultrasonic transducer-derived EF in dogs when a broad range of EF was produced. Other factors in the RVG-CVG correlation include variable 9"mTc attenuation and background among dogs, and overlapping blood pool structures.
Quantitative changes during ischemia. As seen in Fig. 7 , for both CVG and RVG, the EF was unchanged by zero ischemia and insignificantly lowered by small amounts of ischemia (<10 g). However, the EF was reduced considerably by the large zones of ischemia (>10 g).
The percent ACS also had a quantitative relationship to the GMI. However, for any amount of ischemia, the RVG tended to have greater areas of akinesis than the CVG. This finding was due to exclusion of the normal inferobasal and anterobasal left ventricle on the RVG compared with the CVG, thus making the same dysfunctional area a greater fraction of the total perimeter. Other factors may be the relatively poorer resolution on RVG, which might cause an overestimation of the percent ACS and, possibly, the 5-min duration of RVG collection. Approximately 600 cycles were collected during this period, and respiratory variation could have accentuated abnormalities on RVG, compared with single nonshifted CVG frames.
Due to our correction for multiple comparisons, the difference in the percent ACS between control and ischemia was statistically insignificant on CVG. However, ROC analysis showed equal and good results of RVG and CVG for detecting regions of ischemia (Fig. 5) .
The superimposed curves in Fig. 5D demonstrate the improvement that occurred by accounting for pre-existing control changes. This is similar to present clinical methods for diagnosing ischemic abnormalities on exercise RVG. Although one-vessel coronary occlusion in dogs differs from exercise-induced ischemia in man, the method for diagnosis of the amount of ischemic tissue may be analogous.
We are not aware of other published data comparing the extent of RVG abnormalities to known amounts of ischemia. However, thallium-201 scintigrams have been evaluated for their quantitative sensitivity to ischemia. Mueller et al. (44) graded thallium images of canine hearts and compared changes with MBF data. The smallest definitely detectable ischemia was 4.5 g with 45% reduction in MBF. In man, Neiss et al. (45) found a quantitative relationship between 201Tl defects after infarction and the percent ACS on biplane contrast ventriculography. Such thallium defects were seen in 20 of 22 patients with areas of akinesis over 6% of the perimeter. Measured thallium defect size also correlated with the percent ACS they measured on CVG (r = 0.80). These relationships between thallium evidence of infarction, the presence of observable wall motion defects, and the extent of such defects are similar to the regional wall motion changes we report here.
There was moderate scatter ofdata comparing the EF and percent ACS to the GMI (Fig. 8) . The (47) also showed persistent dysfunction after 45-min occlusions. Precise measurement frame-by-frame of the left ventricular contraction pattern on CVG might show residual abnormalities (35) , but that analysis was not performed in the present study.
In this study, by use of objective blood flow criteria, 
